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BACTERIA AND VIRUSES in the airways activate innate immune responses, including triggering cellular signaling leading to activation of the key transcription factor NF-B and production and release of proinflammatory cytokines and chemokines like IL-8 and IL-1␤ (2, 10, 13, 14, 18, 50, 52) . The gram-negative bacterium Pseudomonas aeruginosa, a common pathogen in the lungs of cystic fibrosis (CF) patients, triggers innate immune responses of airway epithelial cells. These responses require bacterial expression of flagellin (18, 49, 52) , and flagellin alone activates airway epithelia (13, 21, 22, 30, 38, 45, 52) . Although airway epithelia express multiple Toll-like receptors (TLRs) (16, 35) , flagellin activation of TLR5 appears to play a particularly important role in mediating the innate immune responses of airway epithelia to bacteria (2, 16, 18, 52) . In addition, high levels of the proinflammatory cytokine IL-1␤ are also found prominently in the airways of CF patients, and airway epithelia express IL-1 receptors and respond with vigorous inflammatory responses to the presence of IL-1␤ in the apical or basolateral bath (7, 49) . Flagellin-and IL-1␤-triggered proinflammatory responses require NF-B signaling (3) . The MAPK p38 appears to be involved in both TLR5- (54) and IL-1␤-triggered (47, 54) signaling in airway cells.
In addition to these effects of products to trigger inflammatory signaling, Evans et al. (11) showed that exposure of primary airway epithelial cells on the apical and basolateral surfaces to P. aeruginosa caused reductions in ENaC-mediated Na ϩ transport and fluid absorption, and it was proposed that this effect was mediated indirectly through inhibition of basolateral K ϩ channels. Recent experiments (26) showed that flagellin caused reductions in ENaC-mediated Na ϩ transport across mouse trachea, and through the use of specific inhibitors on the flagellin-induced alteration in Na ϩ transport, it was proposed that this effect was mediated through flagellin-triggered ATP release and activation of Ca 2ϩ and p41/42-ERK MAPK signaling, although increases in cytosolic [Ca 2ϩ ], Ca i , were not observed. IL-1␤ increases apparent HCO 3 Ϫ and fluid secretion by cultured human airway epithelial monolayers (14) . Long-term (4 -72 h) treatment with IL-1␤ increases CFTR expression in human intestinal cells (6) and alteration of tight junctional morphology and apparent permeability to Cl Ϫ in human airway epithelial cells (7) .
The present experiments were initially designed to test the early effects of flagellin on Cl Ϫ secretion and cell signaling associated with activation of innate immune responses in Calu-3 cells, a serous-like cell line that exhibits CFTR-dependent anion secretion that is stimulated by increases in cellular cAMP (9, 27, 45) and protein kinase C (28) . Although previous experiments showed no effect of flagellin to stimulate ion secretion in airway epithelia, we considered the possibility that such effects could have been missed resulting from use of surface cells rather than gland or gland-like cells that might express higher levels of CFTR than surface cells in the trachea. Effects of IL-1␤ were also tested to compare with previous measurements of apparent HCO 3 Ϫ and fluid secretion by airway epithelia (14) and also to determine the generality of the responses to this proinflammatory mediator that uses similar signaling pathways as flagellin to activate innate immune responses (3) . These proinflammatory agonists induced slow, persistent increases in apparent CFTR-dependent Cl Ϫ current in Calu-3 cells. Because flagellin and IL-1␤ have both been known to activate p38 in other cells, we tested for p38 signaling in mediating the activation of apparent CFTR-dependent Cl Ϫ secretion and increased NF-B signaling and IL-8 expression and secretion in Calu-3 cells.
METHODS

Reagents.
Unless otherwise specified, all reagents and chemicals were obtained from Sigma (St. Louis, MO).
P. aeruginosa flagellin (Inotek, Beverly, MA) was prepared at 10 Ϫ3 g/ml in a solution containing 10 mM phosphate buffer, pH 7.4, 140 mM NaCl, and 3 mM KCl. As described by Inotek, recombinant flagellin was expressed with tags in Escherichia coli and purified to Ͼ95% homogeneity by SDS-PAGE. Previous experiments showed that LPS contamination of this preparation is small and cannot account for effects of flagellin to activate NF-B and IL-8 secretion (49) . When Inotek stopped producing P. aeruginosa flagellin, we used Salmonella typhimurium flagellin (10 Ϫ3 g/ml; Invivogen, San Diego, CA). Both preparations of flagellin were stored at Ϫ20°C and diluted from the stock solution into the incubation media at concentrations of 10 Ϫ7 g/ml (an intermediate concentration for activating innate immune responses in TLR5-expressing cells), 10 Ϫ6 g/ml (a concentration yielding near maximal activation), or 10 Ϫ5 g/ml (supramaximal) (13, 15) as stated in the text. The solutions were vortexed vigorously and heated to 37°C before being added to the solutions to assure dispersal as monomers. Although specific comparisons were not performed, results obtained with the two preparations of flagellin were similar. Flagellin was used at 10 Ϫ7 to 10 Ϫ5 g/ml final concentrations. Flagellins used for the individual experiments are noted in the figure legends and in the table. IL-1␤ (R&D Systems, Minneapolis, MN) was prepared as 5 g/ml stock in Ringer and added to solutions at 10 -50 ng/ml. The higher concentration was chosen based on previous experiments showing that this concentration yielded good NF-B-luciferase responses (49) , and preliminary experiments here (not shown) indicated that 1, 10, and 50 ng/ml IL-1␤ gave similar responses. Thus, these concentrations all appeared to be maximally effective in triggering the IL-1 receptor.
The cAMP-elevating agonist forskolin (Calbiochem, LaJolla, CA) was prepared as a 20 mM stock solution in DMSO, and an aliquot was added to the serosal compartment to give a final concentration of 10 -50 M. The CFTR blocker glibenclamide (26) was prepared as a 300 mM stock solution in DMSO and added to solutions at 1 mM. GlyH101 (34) and CFTRinh172 (48) were kindly provided by Dr. Alan Verkman (Univ. of California, San Francisco), prepared as a 20 mM stock solution in DMSO and added to solutions at 20 M. The MAPK p38 blockers SB-202190 and SB-203580 were purchased from Calbiochem, prepared as 1-10 mM stock in DMSO, and added to solutions to give final concentrations of 1-5 M.
Tissue culture. Calu-3 cells, a normal human airway epithelial cell line expressing high levels of CFTR (27, 45) , were cultured in either DMEM or Eagle's minimum essential media supplemented with 10% FBS, 2 mM L-glutamine, and 1% penicillin/streptomycin. For some experiments, cells were passaged at a 1:2-1:5 dilution, and the remaining cell suspension was seeded directly onto a 24-well plate or 30-mm-diameter dishes for NF-B-luciferase assay, IL-8 secretion measurement, and Western blot. For electrophysiological experiments, cells were passaged onto 1.12-cm 2 permeable polycarbonate supports (0.4-m pore size, either Transwell or Snapwell, Corning Costar, Cambridge, MA) and then grown until cells formed confluent monolayers. Calu-3 cells routinely had transepithelial resistance greater than 400 ⍀ ⅐ cm 2 and exhibited polarized responses consistent with previous studies (45) .
Human bronchial primary cultures were kindly provided by Dr. Walter E. Finkbeiner (Dept. of Pathology, UCSF, San Francisco General Hospital) and cultured as previously described (49) . In brief, strips of epithelium were removed from the underlying tissues and treated with protease overnight. Cells were plated on permeable filter supports (Snapwell 3407, 0.4-m pore size, polycarbonate membrane, Corning Costar) precoated with human placental collagen (15 g/ cm 2 ) at a density of ϳ10 6 cells/cm 2 . Cells were grown in DMEM/ F-12 culture medium supplemented with 2% Ultroser G (Biotechnics, Paris, France).
NF-B-luciferase adenovirus and luciferase assays. A recombinant adenoviral vector expressing a luciferase reporter gene driven by NF-B transcriptional activation (Ad5HSVNF-Bluciferase, termed adv-NF-B-luc) was used for studies to determine effects of flagellin and various blockers on NF-B activity. This vector contained the luciferase gene driven by four tandem copies of the NF-B consensus sequence (42) . Recombinant adenoviral stocks (6 ϫ 10 10 pfu) were stored in 10 mM Tris with 20% glycerol at Ϫ80°C. The virus was added to cells at 100 multiplicities of infection and returned to the incubator for 24 h. Cells were washed three times to remove viruses, incubated for another day, and then exposed to the various agonists for 4 h. Control experiments with a ␤-galactosidase-or EGFP-expressing adenovirus showed that this infection protocol generated expression in 75-100% of the cells (44) . Adenoviral constructs were obtained from Gene Transfer Vector Core (Univ. of Iowa, Iowa City, IA). Cells were washed three times to remove viruses, incubated for another day, and then exposed to the various agonists for 4 h in the incubator at 37°C. This time was chosen for analysis because previous experiments (13) showed that this time was required to obtain sufficient luciferase activity for accurate measurements. Cells were then processed using the luciferase assay system with Reporter Lysis Buffer (Promega, Madison, WI) to measure NF-B-mediated transcriptional induction according to the manufacturer's protocol. Luciferase activity (relative light units) was analyzed with a TD-20/20 Luminometer (Turner Designs, Sunnyvale, CA) in triplicate for each sample and normalized to the protein concentration (Bradford assay). These averages were then expressed relative to the average control value in the epithelial cells, which was set equal to 1.0.
Western blot analyses of p38, NF-B, IB, and IKK. Immunoblot analyses were used to assay activity of p38, NF-B/p65, IB␣, and IKK␣ and phosphorylated p38, NF-B/p65, IB␣, and IKK␣/␤. Cells were treated with flagellin, IL-1␤ Ϯ inhibitors for 30 min in the incubator at 37°C and then lysed in M-PER mammalian protein extraction reagent (Pierce, Rockford, IL) containing 5 g/ml leupeptin, 5 g/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride, and 50 nM calyculin A. This time was utilized because preliminary data showed that NF-B migration into the nucleus (as analyzed by anti-p65 NF-B immunofluorescent staining) occurred prominently after this time, and this preceded NF-B exit back into the cytosol, which occurred after 60 min. Protein concentrations were determined using Bradford reagent (Bio-Rad, Hercules, CA). Immunoblot analysis was performed by first separating protein (30 -50 g/lane) eletrophoretically using SDS-PAGE and subsequently transferring to polyvinylidene difluoride membranes. Membranes were blocked (5% nonfat dried milk) in 20 mM Tris ⅐ HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20 followed by incubation with specific antibodies. Primary antibodies for p38, phospho-p38 (anti-serine 180/182), NF-B p65, phospho-p65 (anti-serine 536), IB␣, phospho-IB␣ (anti-serine 32), IKK␣, and phospho-IKK␣/␤ (anti-serine 176/180) were purchased from Cell Signaling (Danvers, MA). Detection for phosphorylated proteins was done first, and then membranes were stripped and probed with antibodies for non-phosphorylated proteins. Membranes were also probed with antibodies for ␤-actin as loading control. Enhanced chemiluminescence was performed using Renaissance Chemiluminescence Reagent Plus (PerkinElmer Life Sciences).
Optical density of p38 immunoblots was quantified by NIH Image; mean density of each band was background subtracted, and foldactivation was calculated by dividing treatment values by controls and then normalizing to total p38.
ELISA of IL-8 secretion. Procedures have been described previously (13, 18, 49) . Briefly, cells were grown in plastic wells, and samples were collected from media-bathing cells in the incubator at 37°C, at times described in the text. Samples from control or flagellinor IL-1␤-treated cells were collected, cleared of any cellular debris by centrifugation (5 min 1,000 g), stored at Ϫ20°C until use, thawed, diluted 1:100 or 1:200 in 100 l of Assay Diluent (BD Pharmingen, San Diego, CA), run in triplicate per manufacturer's protocol (OptEIA Human IL8 Set, BD Pharmingen), and read at 450 nm with an EL X808 Ultra Microplate Reader (Bio-Tek Instruments, Winooski, VT). Averages of the triplicate samples have been reported.
We chose to use the simpler protocol of growing Calu-3 cells on plastic for these IL-8 measurements because previous experiments (Hybiske 2007 ) on JME cells showed that rates of IL-8 secretion were similar for plastic-grown cells vs. those grown on filters. Preliminary measurements on Calu-3 cells showed that secretion of IL-8 (absence of stimulants) averaged ϳ3,000 pg ⅐ ml Ϫ1 ⅐ 4 h Ϫ1 into the apical and basolateral solutions, and stimulation by flagellin increased this by ϳ40,000 pg ⅐ ml Ϫ1 ⅐ 4 h Ϫ1 into the basolateral solution and by ϳ20,000 pg ⅐ ml Ϫ1 ⅐ 4 h Ϫ1 into the apical solution. In contrast, Calu-3 cells grown on plastic secreted in the range of 300 to 1,000 pg ⅐ ml Ϫ1 ⅐ 4 h Ϫ1 , and flagellin increased secretion to 10,000 pg ⅐ ml Ϫ1 ⅐ 4 h Ϫ1 . Thus, for Calu-3 cells grown on filters or plastic, flagellin stimulated a similarly large percentage increase in IL-8 secretion, whether the sampling was performed from the apical or basolateral side of the cells grown on filters or from the bath of the cells grown on plastic.
Transepithelial electrophysiology. For measurements of transepithelial Cl Ϫ current, Calu-3 cell and primary bronchial cell monolayers were grown on permeable supports, washed in PBS, mounted into water-jacketed (37°C) Ussing chambers (Physiologic Instruments, San Diego, CA), and used for electrophysiological studies as described previously (11, 19) . Transepithelial voltage (Vt) and resistance (Rt) were measured using typical four-electrode voltage clamp. Ag/ AgCl electrodes (World Precision Instruments, Sarasota, FL) connected to the clamp through agar bridges containing 1 M KCl were used for measuring Vt and passing current. For open-circuit measurements, equivalent currents (Icalc) were calculated from Vt and Rt using Ohm's Law. For measurements of short-circuit current (Isc), Vt was clamped to 0 mV. Positive currents were defined as cation movement from mucosa to serosa or anion movements in the opposite direction. The transepithelial Isc or Vt and Rt were recorded to a computer system through an analog-to-digital board as described previously (11, 19) . Monolayers had Rt Ͼ 400 ⍀ ⅐ cm 2 during all procedures. Both chamber compartments were separately perfused with 5 ml of Krebs-Henseleit solutions of the following composition (in mM): 120 NaCl, 25 NaHCO3, 5 KCl, 1.2 NaH2PO4, 5.6 glucose, 2.5 CaCl2, and 1.2 MgCl2. Solutions were gassed with 95% O2 and 5% CO2 resulting in pH 7.4. In most experiments, a serosal-to-mucosal Cl Ϫ gradient was used to increase the electrochemical driving force for Cl Ϫ secretion across the apical membrane. The mucosal Cl Ϫ -free solution had the following composition (in mM): 120 sodium gluconate, 20 NaHCO3, 5 KHCO3, 1.2 NaH2PO4, 5.6 glucose, 2.5 Ca(gluconate)2, and 1.2 MgSO4. Shortcircuit currents measured under these [Cl Ϫ ] gradient conditions were defined as ICl.
Transepithelial fluxes of dextran and lucifer yellow. Assays of fluxes of membrane-impermeable extracellular FITC-dextran (10 kDa) and lucifer yellow (mol wt ϭ 457) were used to assess permeability of the tight junctions of Calu-3 monolayers during treatments with flagellin and IL-1␤. Calu-3 cells were grown to confluence on filters and incubated at 37°C with either Ringer on both sides or with Cl Ϫ -free Ringer on the apical side and normal Ringer on the basolateral side to approximate the conditions used for measurement of transepithelial currents. Either dextran or lucifer yellow (100 M) was added to the apical solution, and 10-l samples were taken from the basolateral side every 30 min. Comparisons were made among monolayers that were untreated or were treated with flagellin (10 Ϫ6 g/ml) or IL-1␤ (10 ng/ml) for 2 h. Fluorescence of the basolateral samples was measured (dextran-FITC: excitation 485/emission 538/auto-cutoff 530; lucifer yellow: excitation 444/emission 538/auto-cutoff 530) using a fluorescence plate reader (SpectraMax M2 running SoftMax Pro v5 software; Molecular Devices, Mountain View, CA). Calibration curves of lucifer yellow or FITC-dextran concentration vs. fluorescence were constructed, and fluorescence measurements of the samples from the apical solution were converted into concentrations. Graphs of probe concentration vs. time were plotted, and transepithelial fluxes of the probe were calculated from the slope of the graphs during the last 60 min of control or treatment with the flagellin or IL-1␤. Experiments were performed by comparing untreated controls with flagellin or IL-1␤ treatments because preliminary data indicated that there was a tendency for flux rates of the fluorescent tracers to increase slightly over time even in the absence of any treatment. The method we chose circumvented this problem. Permeabilities (P) were calculated from fluxes (J, in mol/s ⅐ cm 2 ) and concentration (C, in mol/cm 3 ) using the equation P ϭ J/C. We routinely measured changes in FITC-dextran or lucifer yellow concentrations of 5 nM over the course of 1 h. The method was able to distinguish changes of 5 nM from 10 nM, so the sensitivity was such that we were able to detect twofold increases of permeability compared with the control rate.
Statistics. Unpaired or paired t-tests were used to compare groups and effects, depending on the experiments (StatView; Abacus Concepts, Berkeley, CA), and P Ͻ 0.05 was considered significant. Data have been presented as averages Ϯ SD or include values from all individual experiments; n refers to the number of experiments.
RESULTS
Flagellin stimulates CFTR-dependent anion secretion by airway epithelial cells.
Calu-3 cells grown to confluence on filters were mounted in Ussing chambers with Cl Ϫ -containing Ringer on both apical and basolateral sides of the monolayer. A typical time course of response to flagellin is shown in Fig. 1A . In control conditions, V t ranged from Ϫ5 to Ϫ12 mV (apical side negative), and R t ranged from 400 to 600 ⍀⅐cm 2 . Adding flagellin (10 Ϫ6 g/ml) to the apical surface caused a slow increase in V t and decrease in R t that appeared to begin within 5-10 min and to achieve maximal effects after 20 -45 min. Using Ohm's Law, it was calculated that there was anion secretion (I calc ) in the untreated cells in the steady state, and I calc increased following flagellin stimulation. A summary of I calc measurements in the control and flagellin-treated conditions is shown in Fig. 1B . Flagellin elicited increases in I calc in four of five experiments, and average I calc increased from 18 to 25 A/cm 2 . The time course of effects of the adenylate cyclase activator forskolin is shown in Fig. 1C . There was a typically rapid increase in V t and decrease in R t that occurred within seconds and reached maximal effects within ϳ3 min (Fig. 1C) . As summarized in Fig. 1D , forskolin also caused larger increases in I calc ; average I calc increased from 30 to 50 A/cm 2 , approximately three times larger than the effect of flagellin (Fig. 1B) .
The potential role of flagellin in altering Cl . This flagellin-stimulated I Cl was blocked nearly entirely by the CFTR channel blocker GlyH101 (Fig. 2, A  and B) , indicating that the flagellin-stimulated current involved the activity of CFTR. Glibenclamide (1 mM) and CFTRinh172 (20 M) caused similar inhibition (not shown). Similar Cl Ϫ secretory responses were observed when flagellin was added to the basolateral side (Fig. 2B) , indicating that the receptor for flagellin (likely TLR5) was present on both apical and basolateral membranes of Calu-3 cells.
We performed experiments to compare flagellin-stimulated I Cl responses to those stimulated by the well-known cAMPraising agonist forskolin and Ca i -raising agonist ATP. Typical I Cl responses to forskolin, ATP, and flagellin are shown in Fig. 3 , A-C, and a summary of steady-state increases of I Cl in response to flagellin, forskolin, ATP, and flagellin added to forskolin-treated cells and flagellin added to ATP-treated cells is shown in Fig. 3D . Forskolin (20 M, a maximal dose) caused a rapid, large, sustained increase in I Cl that was not significantly further increased by flagellin (Fig. 3, A and D) , whereas flagellin alone caused slower increases in I Cl that were further increased by forskolin and blocked by glibenclamide (Fig. 3, B and D) . The forskolin-activated increases in I Cl were about twice the increase in I Cl induced by 10 Ϫ7 g/ml flagellin alone (Fig. 3D ). These studies indicated that forskolin and flagellin both activated CFTRdependent I Cl and that flagellin had no significant effect on I Cl following maximal forskolin stimulation.
Similar experiments were performed testing effects of flagellin in the presence of maximally stimulating concentration (100 M) of ATP. Some experiments (2, 32, 39) have given indications that flagellin activates airway epithelial cells in part by triggering release of ATP from the cells that then Ϫ7 g/ml) to the apical surface. ICl started at a slightly positive value; following addition of flagellin, ICl increased slowly over the course of 30 min to a steady value ϳ40 A/cm 2 larger than the starting value. GlyH101 (20 M), the CFTR blocker, was added to the apical side (arrow); this caused rapid reduction of ICl to the low value observed at the start of the experiment. B: summary shows average ICl ϮSD for different treatments: control, ϩflagel-lin apical, ϩflagellin basolateral, ϩflagellin apical and basolateral, and ϩflagellinϩglibenclamide or ϩflagellinϩGlyH101. *P Ͻ 0.001 for different from control, baseline ICl; n ϭ 3-12 in each case. activate rapid increases in Ca i that appeared to be nearly as large as those triggered by maximal doses of ATP. Other experiments have shown that for other cells, including Calu-3, flagellin activated NF-B without raising Ca i (13, 26) . One possible explanation for the different responses in previous studies was that unintentionally high concentrations of fura-2 in the cells buffered Ca i (13) and prevented changes in Ca i that may occur in the absence of the dye. In the present studies, the cells were not exposed to fura-2. We compared flagellintriggered increases in I Cl to responses triggered by ATP, which cause rapid, abrupt rises in Ca i (13) . As shown in Fig. 3C , when ATP was added first to the apical side and then to the basolateral side of the monolayer, there were rapid increases in I Cl that peaked and decreased slowly back to new steady-state values larger than the baseline. These results showed that purinergic receptors were present on both apical and basolateral sides of Calu-3 cells. In these ATP-treated cells, adding flagellin to both apical and basolateral sides of the cells increased I Cl . Under these ATPϩflagellin-treated conditions, I Cl was reduced by CFTRinh172 (20 M apical, Fig. 3C ) or glibenclamide (1 mM, apical and basolateral; data not shown). These experiments showed that ATP elicited rapid increases and then decreases in I Cl that mirrored the time course of previously measured increases and then decreases in cytosolic Ca 2ϩ concentration, whereas flagellin triggered slow increases in I Cl without any spikes. These data were consistent with the following: 1) flagellin increased I Cl without inducing rapid spikes of Ca i like those induced by ATP; 2) flagellin and ATP both stimulated CFTR-dependent I Cl ; and 3) flagellin stimulated I Cl even in the presence of maximally stimulating [ATP] .
We tested whether the apparent CFTR-dependent Cl Responses were blocked by the CFTR blocker GlyH101. These results showed that primary cultures of human surface epithelium respond to apical flagellin by secreting Cl Ϫ , but the magnitudes of the responses were smaller than those of Calu-3 cells.
IL-1␤-induced I Cl responses in Calu-3 cells. IL-1␤ is thought to activate similar cellular signaling as flagellin (3).
IL-1␤ (50 ng/ml) caused slow increases in I Cl (Fig. 5, A and B) , similar to responses induced by flagellin (Fig. 2, A and B) . Subsequent treatment with flagellin (10 Ϫ7 g/ml) had no signif- ; n ϭ 5). IL-1␤-activated I Cl was blocked by glibenclamide (Fig. 5A) or GlyH101 (Fig. 5B) . As with flagellin, I Cl that was activated by IL-1␤ was further stimulated by forskolin: IL-1␤-stimulated I Cl amounted to ϳ40% of forskolin-stimulated I Cl (Fig. 5, C and D) .
Transepithelial fluxes of membrane-impermeable markers during flagellin and IL-1␤ treatment. Increases in tight junction permeability in the presence of a gradient of [Cl
Ϫ
] could increase transepithelial Cl Ϫ flux and current. We tested for changes in tight junction permeability properties by measuring transepithelial (basolateral-to-apical) fluxes of two smaller but still membrane-impermeant fluorescent dyes, FITC-dextran (mol wt ϭ 10 kDa) and lucifer yellow (mol wt ϭ 457). Measurements were performed on Calu-3 cells incubated with Ringer on both sides of the monolayers or with Cl Ϫ -free Ringer on the apical side and Ringer on the basolateral side to simulate the conditions used for measurement of transepithelial currents. Cells were incubated in the Ringer solutions for 60 min followed by treatment with no addition, flagellin (10 Ϫ6 g/ml), or IL-1␤ (10 ng/ml) for 90 min. Increases in concentration of the fluorescent markers in the basolateral bath vs. time during the last 60 min of incubation were converted to permeabilities. Results are summarized in Table 1 . With Cl Ϫ -con- taining Ringer on both sides of the monolayer, P dextran and P luciferyellow were similar in magnitude and ϳ10-fold smaller than transepithelial permeabilities of primary airway epithelial cell monolayers to 10-and 2,000-kDa dextrans (7) . For the Calu-3 cells, there were no differences in P luciferyellow between Cl Ϫ /Cl Ϫ and Cl Ϫ /Cl Ϫ -free condition. There was also no significant effect of either flagellin or IL-1␤ on P dextran or P luciferyellow . Results from these experiments combined with the blocking effect of the CFTR blockers indicated that I Cl resulted from transcellular rather than transjunctional transport of Cl Ϫ . Role for p38 in flagellin and IL-1␤ activation of I Cl and innate immune responses. cAMP-PKA signaling is most often associated with activation of CFTR (8, 40) , but flagellin/TLR5-induced signaling is not known to include cAMP/PKA (3). Previous studies showed that p38 was involved in regulating the inflammatory responses of airway epithelia to P. aeruginosa (54) and of intestinal epithelia to flagellin (51) . There have been no tests of the role of p38 in flagellin and IL-1␤ activation of innate immune responses in Calu-3 cells and no tests of the potential effects of p38 mediating I Cl responses in any cell type. Flagellin (Fig. 6A ) and IL-1␤ (Fig. 6B ) both increased phosphorylation of p38 beginning within 5-10 min and continuing for 4 h. Responses to IL-1␤ appeared to be larger but less sustained than those to flagellin, which exhibited increased p38 phosphorylation that decreased only slightly over 4 h.
Typical effects on flagellin-or IL-1␤-stimulated I Cl of adding the p38 blocker SB-202190 following or before adding flagellin and IL-1␤ are shown for individual experiments in Fig. 7, A and B , respectively, and summaries are shown in Fig.  7 , C and D. In experiments in which the blocker was added after the agonists, flagellin and IL-1␤ both caused typical increases in I Cl , and subsequent addition of the p38 blocker SB-202190 inhibited I Cl , on average, by Ͼ50% for both flagellin-and IL-1␤-stimulated cells (Fig. 7, C and D) . Flagellinstimulated I Cl was blocked by 22% (n ϭ 1) by another p38 blocker, SB-203580 (5 M), and SB-203580 had no effect on flagellin-stimulated I Cl of Calu-3 cells that had been previously treated with SB-202190 (n ϭ 3, data not shown).
Pretreatment with SB-202190 had no effect on I Cl on its own, but largely prevented stimulatory effects of flagellin on I Cl (Fig. 7A) , and slowed the activation and reduced the magnitude of IL-1␤-stimulated I Cl (Fig. 7B) . On average, pretreatment with SB-202190 caused a larger inhibitory effect on flagellin-than on IL1␤-stimulated I Cl (Fig. 7, C and D) . Forskolin-stimulated I Cl was largely unaffected by SB-202190 (Fig. 7A, inset) , and the inhibitory effects of SB-202190 on flagellin-and IL-1␤-stimulated I Cl were reversed by subsequent treatment with forskolin (data not shown). These results indicated that flagellin-and IL-1␤-stimulated I Cl was mediated in part by p38 signaling.
We finally tested whether p38 was mediating flagellin-and IL-1␤-activated inflammatory signaling and responses. We measured IL-8 secretion because it is an important inflammatory mediator and NF-B signaling because this transcription factor is a critical regulator of the IL-8 promoter (13). Flagellin and IL-1␤ both increased IL-8 secretion (Fig. 8) . The p38 blockers SB-202190 and SB-203580 reduced flagellin-stimulated IL-8 secretion but had no effect on IL-1␤-stimulated IL-8 secretion.
Flagellin and IL-1␤ both increased NF-B-regulated luciferase activity (Fig. 9A) , and the agonists also induced phosphorylation of p65 (Fig. 9B) , consistent with these agonists activating NF-B (36). Flagellin and IL-1␤ both also decreased p65 levels, perhaps resulting from reduced extraction from the stimulated cells because p65 had migrated into and remained Fig. 6 . Flagellin and IL-1␤ stimulate phosphorylation of p38. Calu-3 cells were grown to confluence, rinsed, and S. typhimurium flagellin (10 Ϫ7 g/ml) or IL-1␤ (10 ng/ml) was added. Flagellin-(A) and IL-1␤-treated (B) cells were analyzed for phosphorylation of p38 (p-p38) after times of treatment shown using specific antibodies. Typical Western blots of p-p38 and total p38 (of 3-5 similar experiments each) are shown. -Fold activation refers to increase above control level as determined from densitometric analysis of the Western blots. On average, flagellin caused a 2.3 Ϯ 0.3-fold (n ϭ 4) increase in phosphorylation after 20 min and a 2.5 Ϯ 0.8-fold (n ϭ 5) increase in phosphorylation after 30 min. IL-1␤ caused an 8.5 Ϯ 3.7-fold (n ϭ 3) increase in phosphorylation after 30 min. Calu-3 monolayers were incubated with either Cl Ϫ -containing Ringer on both sides (Cl Ϫ /Cl Ϫ ) or with Cl Ϫ -containing Ringer on the basolateral side and Cl Ϫ -free Ringer on the apical side (Cl Ϫ /Cl Ϫ -free) and either dextran or lucifer yellow (100 M) on the apical side. Cells were left untreated or treated for 2 h with flagellin (10 Ϫ6 g/ml) or IL-1␤ (10 ng/ml). Permeabilities were calculated from transepithelial fluxes of the probes into the basolateral solution during the last 60 min of treatment. Data are averages Ϯ SD (n ϭ number of different experiments). There were no significant differences (P Ͼ 0.05) for Pdextran and Plucifer yellow during control vs. flagellin or IL-1␤ treatments in either Cl Ϫ /Cl bound within the nucleus. The p38 blockers reduced flagellinand IL-1␤-activated NF-B-regulated luciferase (Fig. 9A) , consistent with previous results showing p38 blockers inhibited P. aeruginosa-stimulated NF-B-regulated luciferase activity in human airway epithelial cells (54) . In contrast, the p38 blockers did not inhibit flagellin-or IL-1␤-induced phosphorylation of NF-B/p65 (Fig. 9B ). This apparent conflict was investigated further by performing Western analyses of total and phosphorylated IB␣ and IKK␣/␤ during flagellin stimulation. Flagellin increased phosphorylation of IB␣ and reduced levels of IB␣ (Fig. 10A) , consistent with IB␣ undergoing subsequent ubiquitination and degradation (3, 36) . Flagellin also increased IKK␣/␤ phosphorylation without changing IKK␣ levels (Fig. 10B) , consistent with its activation (3, 36) . The p38 blockers did not alter these effects. Overall, these results showed that the p38 blockers were likely not altering flagellin-stimulated NF-B signaling, but were inhibiting flagellin-stimulated, NF-B-regulated production of luciferase, and, also, as shown above, flagellin-stimulated IL-8 secretion.
DISCUSSION
Innate immune response of airway epithelia includes CFTRdependent Cl
Ϫ secretion. A major conclusion of our studies is that the TLR5 agonist flagellin stimulated CFTR-mediated Cl Ϫ currents to 1/3 to 1/2 of those triggered by maximally stimulating doses of the cAMP agonist forskolin. The responses of primary cultures of human bronchial epithelial tissues to flagellin were quantitatively smaller but qualitatively similar to those of the Calu-3 cell line. Activation of I Cl occurred with addition of flagellin to either the apical or the basolateral surface of Calu-3 cells, indicating that TLR5 was active in both apical and basolateral membranes of the cells, as found previously for primary airway epithelial cells (49) . Similar responses were generated by apical or basolateral additions of IL-1␤, indicating that the IL-1 receptor was also active on the apical and basolateral sides of Calu-3 cells, consistent with previous results on primary airway epithelial cells (2, 16, 49) . The flagellin-and IL-1␤-stimulated I Cl was blocked by CFTR blockers glibenclamide, GlyH101, and CFTRinh172. In con- Previous experiments also showed that long-term (24 -72 h) treatment with IL-1␤ increased transepithelial conductance without increasing permeabilities to 10-kDa and 2,000-kDa dextrans, which appeared to average ϳ5 ϫ 10 Ϫ7 cm/s (7). Results from dilution potential measurements (low [NaCl] on apical side, normal [NaCl] on basolateral side) indicated that Cl Ϫ permeability of the tight junctions explained the increase in transepithelial conductance, although an increase in cellular permeability to Cl Ϫ or an increase in diffusive permeability to all ions could also have explained their data. Our data extended these results in showing that Calu-3 cells exhibited even smaller permeabilities to the 10-kDa dextran and 457-mol wt lucifer yellow both during control and during treatments with either flagellin or IL-1␤ for up to 2 h. Thus, Calu-3 monolayers appeared to have lower paracellular permeability through tight junctions compared with primary airway epithelial cell monolayers.
The present data coupled with previous work indicate that bacteria-triggered alterations in ion and fluid transport should be seen as a part of the normal innate immune response of airway epithelia. Proper function of the mucociliary escalator and removal of invading bacteria will depend on volume of airway surface liquid (ASL) (25) , and control of ASL results from a balance of CFTR-mediated Cl Ϫ and/or HCO 3 Ϫ secretion and ENaC-mediated Na ϩ absorption and osmotically obliged water transport (4, 9, 19, 20, 23, 25, 46) . The present and previous data (11, 25, 31) indicate that flagellin, other bacterial products, and IL-1␤ activate CFTR-dependent Cl Ϫ transport and also inhibit Na ϩ transport. These changes in ion transport should increase fluid accumulation in the ASL, facilitating bacterial removal ("flushing") and preventing activation of the rest of the innate immune response (e.g., NF-B and proinflammatory cytokines like IL-8). Although the magnitude of this flagellin-stimulated response will depend on the access of flagellin to gland vs. surface cells and the responses of the different cell types, it seems likely that flagellin and IL-1␤ will both lead to increased fluid accumulation in the ASL of the lungs. In CF, the flagellin-and IL-1␤-stimulated anion and fluid secretion will be eliminated, bacteria will accumulate, and a vigorous, hyperinflammatory response (5, 30) will be activated.
Activation of CFTR-dependent Cl Ϫ secretion by flagellin, IL-1␤, forskolin, and ATP. Flagellin had no or small stimulatory effects on I Cl when added following forskolin (activates PKA) or ATP (activates Ca i and PKC), indicating that flagellin, forskolin, and ATP may elicit common signaling and/or effects. CFTR is regulated by PKA and PKC (8, 24, 37, 40) . However, flagellin-activated signaling in airway epithelia likely involves pathways other than or in addition to cAMP/ PKA. Forskolin did not activate NF-B (13), flagellin, which potently activates NF-B and IL-8, did not affect cellular adenosine 3Ј,5Ј-cyclic monophosphate (Fu and Machen, unpublished observations), and forskolin was inhibitory to flagellinϩATP-stimulated NF-B activation (13) .
Flagellin activation may similarly also involve pathways other than or in addition to Ca i -PKC. It has been proposed for some cells that P. aeruginosa or flagellin triggers release of ATP and rapid increases in Ca i leading to secretion of IL-8 and mucin (26, 32, 33, 50) . However, flagellin stimulated I Cl in the presence of maximal [ATP] (Fig. 3, C and D) , and flagellin and P. aeruginosa elicited responses without changing Ca i in Calu-3 cells (13, 26) . In addition, the rapid responses to ATP (Fig. 3C ) and slow responses to flagellin (Figs. 1, 2 , and 3) indicated that flagellin activation of I Cl did not require rapid, large increases in activation of Ca i in Calu-3 cells. Further investigations of interactions among PKA, Ca i , PKC, and other pathways (e.g., src: 12; PI3K: 1; ERK: 26, 41) should clarify signaling involved in flagellin and IL-1␤ regulation of absorption of Na ϩ and secretion of Cl Ϫ , fluid, and cytokines by airway epithelia.
Role for p38 in flagellin and IL-1␤ activation of I Cl and inflammatory signaling? Another major conclusion of the present studies was that p38 was involved in regulating CFTRdependent Cl Ϫ secretion during treatment with flagellin and IL-1␤. Both agonists increased phosphorylation of p38 beginning within 5-10 min with maintained phosphorylation for up to 4 h, and p38 blockers reduced flagellin-and IL-1␤-induced activations of I Cl . The rapid inhibitory responses of flagellin-or IL-1␤-stimulated I Cl to SB-202190 indicated that phosphatase(s) was (were) likely active during conditions in which the kinase was also stimulated, and blocking the kinase permitted the phosphatase(s) to act, leading to rapid inhibition of I Cl . Since the inhibitory effects of p38 blockers on I Cl were largely reversed by forskolin, and SB-202190 did not affect forskolinstimulated I Cl , p38 and PKA likely work by different mechanisms to activate Cl Ϫ secretion. Whether TLR-stimulated, p38-mediated signaling activates CFTR directly or some other, related transport pathway remains to be determined. TLR signaling alters the activities of K ϩ channels in other cells (43), and it is therefore possible that flagellin and the other agonists stimulated I Cl by stimulating K ϩ channels that hyperpolarized cellular membrane potential and indirectly stimulated I Cl (17) . Further studies will be required to determine the ion channels involved in the flagellin-and IL-1␤-stimulated electrophysiological response.
In contrast to the inhibitory effects of p38 blockers on flagellin-and IL-1␤-stimulated I Cl , there were less consistent effects of the blockers on flagellin-and IL-1␤-stimulated inflammatory responses. SB-202190 and SB-203580 inhibited flagellin-activated and IL-1␤-stimulated NF-B-luciferase expression, similar to previous results showing that p38 blockers inhibited P. aeruginosa-stimulated NF-B-luciferase in another human airway epithelial cell line (54) . However, the blockers inhibited flagellin-but not IL-1␤-stimulated IL-8 secretion, and the blockers did not alter flagellin activation of NF-B as measured from Western analyses of p65, IB, or IKK and phosphorylated versions. Previous work on intestinal cells (51) showed that p38 blockers inhibited flagellin-activated IL-8 production through an effect on mRNA translation, and a similar effect may explain the inhibitory effects of the p38 blockers on flagellin-activated NF-B-luciferase and IL-8 secretion in Calu-3 cells. Overall, our data were consistent with the idea that p38 played an important role in flagellin-and IL-1␤-stimulated I Cl , an indirect role in flagellin-stimulated inflammatory response (e.g., inhibit IL-8 mRNA translation), but no role in IL-1␤-activated NF-B signaling and IL-8 secretion. A corollary is that signaling from TLR5 or IL-1R to NF-B is more important than parallel activation of p38 and the AP1 transcription factor (3, 13) in controlling production of the key inflammatory mediator IL-8. 
